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Abstract: The effect of the hybridization of a triblock copolymer and a rigid TiO2 nanofiller on the
tensile, fracture mechanics and thermo-mechanical properties of bisphenol F based epoxy resin were
studied. The self-assembling block copolymer, constituted of a center block of poly (butyl acrylate)
and two side blocks of poly (methyl) methacrylate-co-polar co-monomer was used as a soft filler,
and TiO2 nanoparticles were employed as rigid modifiers. Toughening solely by block copolymers
(BCP’s) led to the highest fracture toughness and fracture energy in the study, KIc = 2.18 MPa·m1/2
and GIc = 1.58 kJ/m2. This corresponds to a 4- and 16-fold improvement, respectively, over the neat
reference epoxy system. However, a reduction of 15% of the tensile strength was observed. The
hybrid nanocomposites, containing the same absolute amounts of modifiers, showed a maximum
value of KIc = 1.72 MPa·m1/2 and GIc = 0.90 kJ/m2. Yet, only a minor reduction of 4% of the tensile
strength was observed. The fracture toughness and fracture energy were co-related to the plastic zone
size for all the modified systems. Finally, the analysis of the fracture surfaces revealed the toughening
mechanisms of the nanocomposites.
Keywords: epoxy; block copolymers; fracture toughness; TiO2; hybrids
1. Introduction
Epoxy resins are a class of highly cross-linked thermoset polymers used in a wide range
of applications, e.g. automotive, aerospace, electronics, adhesives. They exhibit a very good
high-temperature performance, high strength, high modulus, and low creep. At the same time, the high
crosslink density makes them inherently brittle materials as they are unable to resist crack initiation
and propagation effectively, i.e. epoxies have a low fracture toughness.
The fracture energy can be increased by adding different modifiers to the epoxy resin, e.g.
carboxyl-terminated butadiene acrylonitrile (CTBN), which can phase separate in micron-sized
domains into the epoxy and increase its toughness, however with a loss of strength and a deterioration
of the thermal properties [1,2]. Nevertheless, these materials are unfavorable to strength and
thermo-mechanical properties of epoxy, especially, the glass transition temperature Tg [3]. A newer
generation of modifiers were preformed core-shell rubber particles (CSR). They consist of a rubbery core
and a resin suited shell material, which is only a few nanometers thick. These modifiers incorporate the
toughening mechanisms of rubber based modifiers, e.g. cavitation, plastic void growth and subsequent
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shear yielding [4] together with a good adherence to the matrix, due to a modified shell material [5].
The newest generation of adaptable modifiers are block copolymers (BCP) [6]. They can be termed
as an improved type of CSR and are made of at least two chemically different constituents that form
tailored, e.g. diblock, triblock, and alternating copolymers [7]. The modification of epoxy by BCP can
benefit from the ability to obtain a variety of different nano-sized structures, such as spherical and
cylindrical micelles, vesicles and other different types of morphologies [7,8], without using any kind
of special dispersion processes. BCPs, thermodynamically driven, self-assemble into the epoxy resin
either prior to curing [9,10], during the curing process, due to a reaction induced phase separation
mechanism [11–13], or in combinations therefrom [14,15]. Dean et al. [16] investigated the toughening
effect of diblock copolymers in bisphenol A based epoxy resin cured by a tetrafunctional aromatic
amine. They reported nano-sized spherical BCP micelles and vesicles as dominating second phases.
The obtained phases remarkably increase the fracture toughness, even at low BCP concentrations.
In contrast, totally different structures of triblock copolymer (ABA) toughened bisphenol A based epoxy
in the nano-range were reported by Kishi et al. [17], who quantified the morphology and respective
fracture mechanics properties. Spherical micelles, cylindrical micelles and curved lamellae were
generated, and the highest fracture toughness was obtained by cylindrical structures. These studies
show the variability of the nanostructures of epoxy BCP composites and the related fracture toughness.
Various studies explained that the BCP morphology, and thus the fracture mechanics properties
of epoxy BCP systems depends on the BCP-block composition [18], the molecular weight of the
immiscible block [9], the length of the BCP [10,19], the curing agent [20], and the curing process [21].
By controlling these variables, the epoxy modified BCP composite microstructure, and further the
fracture mechanics properties, can be modified [16,18,19,22–26].
The addition of rigid fillers like multiwall carbon nanotubes (MWCNT’s) [24], TiO2 [27],
Al2O3 [28], Glass beads [29], and SiO2 [30–32] can improve the strength and modulus of epoxy
nanocomposites, while also increasing fracture toughness, yet without affecting the glass transition
temperature of the nanocomposites. However, the toughening effect is moderate as compared to liquid
rubber. The hybrid toughening was first adapted by Kinloch et al. [33] while trying to restore the lost
stiffness caused by the application of rubber modification. Since then, several researchers have started
examining many combinations of different sized particles for hybrid toughening and in some cases
synergies were found between two different modifiers [22,31,32,34], and in some cases no synergy
was observed [24].
It can be inferred that much work was reported for fracture mechanics and toughening
mechanisms of block copolymers with a bisphenol A based epoxy system. However, limited work
was reported for the modification of bisphenol F with block copolymers. The main motivation behind
selecting a bisphenol F based epoxy resin is due to their slightly higher functionality, which led to more
reaction sites, ultimately resulting in a high crosslink density and dense three-dimensional network
formations after curing with a suitable hardener system [35]. Moreover, due to the absence of the methyl
group, the viscosity of the bisphenol F based epoxy resins is lower than that of bisphenol A based epoxy
resins [35,36], hence enabling the system to handle higher filler loadings. The following key research
questions are addressed in this study: (a) To which extent can the bisphenol F based epoxy system
be toughened by block copolymers, TiO2 nanoparticles and their hybrids? (b) To which extent and in
which way do BCP, TiO2, and their hybrids affect or alter other mechanical properties e.g., stiffness,
strength, and viscoelastic properties of the epoxy system? (c) Which tangible relationships between
matrix toughness, other mechanical properties and the material’s structural features (morphology)
can be derived for nanocomposites? To answer these questions the following steps were taken:
(i) Detailed examinations of mechanical, fracture mechanical, thermal and visco-elastic properties of
the epoxy matrix modified with BCP’s, TiO2 and their hybrids. (ii) Systematic variations of BCPs
and TiO2 particles’ concentrations will be performed for gaining insight into mechanical and fracture
performance. (iii) Characterization of material properties and morphologies.
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2. Materials and Methods
In the present work, Epikote Resin 862 (diglycidyl ether of bisphenol F) liquid epoxy resin
produced by Hexion Inc (Columbus, OH, USA), a low viscosity, liquid epoxy resin manufactured
from epichlorohydrin and bisphenol F was used [36], which has an epoxy equivalent weight
(EEW) of 169 g·eq−1. The curing agent used was Ethacure 100, an aromatic amine supplied by
Albemarle (Charlotte, NC, USA). The resin and hardener were used in the ratio of 100:27. The poly
[(methyl methacrylate-co-polar comonomer]-b-poly (butyl acrylate] (PMMA-b-PBuA-b-PMMA)
tri-block copolymer (BCP) M52N was supplied as powder by Arkema (Colombes, France). The BCP
concentration was varied systematically from 2 to 12 wt %. The second toughening agent was titanium
dioxide (TiO2, type Aeroxide P25, Evonik, Essen, Germany) which possesses a primary particle
diameter of ca. 21 nm, a density of 4.23 g/cm3, and a specific surface area of 35–65 m2/gm [37].
The interfacial area may influence the properties of nanocomposites, so it is necessary to ensure the
proper distribution of nano titanium dioxide and to avoid agglomerates in the epoxy resin. This was
performed by utilizing machines traditionally used for lacquer processing (Torus Mill, Figure 1a).
A Dissolver provides high shear forces to break up the agglomerates in the liquid epoxy/agglomerate
mixture by the rotation of teeth vested metal discs [38] (Figure 1b). A masterbatch was produced
containing a high weight fraction of nanofillers (25 wt %).
After dispersing, the masterbatch was thinned down by neat epoxy resin in order to systematically
gain nanocomposites with varying nanoparticle contents ranging from 3 to 7 wt %. Preparation of
BCP nanocomposites takes fewer efforts compared to those containing inorganic nanoparticles. Firstly,
the required amount of BCP was mixed gently with preheated epoxy resin and the mixture was
dispersed (Dispermat, Getzmann GmbH, Reichshof, Germany) at 90 ◦C until a transparent mixture
was obtained ensuring complete melting of BCP in the epoxy as shown in Figure 1c. After that,
the modified epoxy was cooled down to 55 ◦C and mixed with a stoichiometric amount of curing
agent by stirring for 5–10 min at 350 rpm. For preparing hybrid mixtures, the masterbatch containing
nano TiO2 (25 wt %) was thinned down and stirred at 650 rpm for 50 min at 80 ◦C while removing
entrapped air by vacuum. Then, the calculated amount of BCP was added and mixed for 30 min at
350 rpm.
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Finally, the stoichiometric amount of curing agent was added, and the mixture was stirred
thoroughly for 5–10 min at 350 rpm. The mixture was then casted into glass molds to produce tensile
samples and into steel molds for compact tension (CT) specimens, respectively. The samples were
cured in two steps at 80 ◦C for 4 h and at 120 ◦C for 18 h.
A total number of 13 different systems were prepared as shown in Table 1. In notation (EP_x Y)
EP denotes the reference bisphenol F based epoxy system cured with amine hardener, and x represents
the wt % used, and Y represents modifier (BCP or TiO2 or both).
Table 1. Composition and nomenclature of bulk epoxy based composites.
Series BCP (wt %) BCP (vol %) TiO2 (wt %) TiO2 (vol %)
EP 0 0 0 0
EP_2 BCP 2 2.14 0 0
EP_4 BCP 4 4.26 0 0
EP_6 BCP 6 6.39 0 0
EP_8 BCP 8 8.50 0 0
EP_10 BCP 10 10.62 0 0
EP_12 BCP 12 12.72 0 0
EP_3 TiO2 0 0 3 0.82
EP_5 TiO2 0 0 5 1.40
EP_7 TiO2 0 0 7 1.98
EP_3 TiO2_4 BCP 4 4.36 3 0.82
EP_3 TiO2_6 BCP 6 7.32 3 0.81
EP_3 TiO2_8 BCP 8 9.72 3 0.81
2.1. Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was performed on a Mettler-Toledo DSC1 STAR® system
(Giessen, Germany) to determine the glass transition temperature (Tg) of the epoxy systems. Firstly,
the cured sample material was weighed (~7–13 mg) and placed in a crucible. In the first cycle,
the sample was heated from room temperature up to 200 ◦C, then, after cooling the sample down to
room temperature, heated up again in a second cycle to 200 ◦C with a heating rate of 10 ◦C/min.
2.2. Rheometric Measurement
Rheological measurements were performed in the temperature range 40–100 ◦C on a Rheometric
Scientific ARES parallel plate rheometer (TA Instruments, New Castle, DE, USA) using a dynamic
temperature ramp test at a ramp rate of 5 ◦C/min, a frequency of 62.8 rad/s and 45 mm diameter
parallel plates separated at a distance of 0.6 mm. The sample was equilibrated for 1 min of time at
100 ◦C to ensure temperature uniformity in the material.
2.3. Dynamic-Mechanical Thermal Analysis
In the present study, the storage modulus, the loss modulus, and the mechanical damping tan δ
of all the bulk samples were measured by dynamic mechanical thermal analysis using a Q800 V7.5
Build 127 DMTA machine from TA Instruments in a 3 point bending mode operating at a frequency
of 1 Hz, on specimens with dimensions of 60 mm in length, 10 mm in width, and 4 mm in thickness.
The glass transition temperature Tg of the bulk epoxy samples was determined by the peak value of
tan δ. The temperature range was set from −120 ◦C to 200 ◦C with a heating rate of 2 ◦C/min.
2.4. Mechanical Properties
Tensile tests were conducted at 23 ◦C on a universal testing machine (Zwick 1474, Zwick Roell AG,
Ulm, Germany) in a tensile configuration according to standard DIN EN ISO 527-2. Dog-bone shape
(ISO 527-2 type 1B) machined samples were used. The testing speed was chosen to be 2 mm/min with
a 10 kN load cell, a precision sensor-arm extensometer was used to determine the specimen strain.
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2.5. Fracture Test
Linear elastic fracture mechanics (LEFM) allows measuring the intrinsic fracture toughness
of brittle solids [40]. Independent of the specimen geometry LEFM provides information about the
initiation of cracks in epoxy nanocomposites. The plane strain fracture toughness (KIc) of the composites
was determined experimentally at 23 ◦C by using compact tension (CT) samples (Figure 2) under
tensile loading conditions according to the ISO 13586 and at strain rate of 0.2 mm/min. The thickness
B and the width W of specimens were chosen to be 4 and 30 mm, respectively. These samples were
tested in a universal testing machine (Zwick 1474, Zwick Roell AG, Ulm, Germany). Prior to testing,
a notch was machined and then sharpened by tapping a fresh razor blade into the material, so that a
sharp crack was initiated with a length ao (0.45·W ≤ ao ≤ 0.55·W). The fracture toughness KIc was then
calculated by Equation (1), where F is the maximum force observed in the load-displacement curve,
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using power microtome. The phase and height images were captured at 512 × 512-pixel resolution
and scan speed of 1 Hz was selected.
2.7. White Light Profilometry
A white light profilometer (FRT MicroProf, FRT GmbH, Bergisch Gladbach, Germany) was
employed to measure the surface roughness of fractured compact tension samples in non-contact mode.
It had a lateral resolution of 1 µm, the vertical resolution of 3 nm, x/y scan range of 100 × 100 mm
and z-scan range of 3 mm.
3. Results and Discussion
3.1. Glass Transition Temperature and Viscoelastic Properties
The glass transition temperature (Tg) was determined using DSC and dynamic mechanical
analysis (DMA) (tanδ curve) and the results are summarized in Table 2. However, there was a slight
difference between the Tg values due to the difference in the principle of measurement for DSC and
DMA plus the difference in the heating rate with a variation of 3 ◦C. Although, this difference was
small, which may be due to the use of a long post cure cycle (18 h at 120 ◦C) in the present work.
In longer cured epoxy systems, the rate of reaction was much slower and unreacted polymer chains
have sufficient time to orient themselves to the correct position for the crosslinking reaction to occur
properly. Addition of BCP does not have any drastic effect on the glass transition temperature of
the composites. For EP_BCP systems the minor change in Tg was attributed to the formation of
nanostructures in the composites [15], and another reason may be the smaller wt % of the BCP in the
resulting composite systems [18,19,25]. For EP_TiO2 modified systems, the Tg was measured as 138 ◦C
which was higher than the unmodified system. The increase in Tg was expected if the interaction
between the polymer and nanoparticles were strong which restricts the mobility of the matrix and this
restriction can be overcome by the increase in temperature. Additionally, Baller et al. [43] showed that
interaction between coated silica nanoparticles and epoxy matrix was relatively weak at all the stages
of curing process. However, the TiO2 nanoparticles were used in pristine form as supplied by Evonik
Industries (Essen, Germany) without any further surface treatment.
Table 2. Glass transition temperature (Tg) of reference and different types of modified epoxy systems.
Sample Tg (◦C) DSC Tg (◦C) (tanδ Peak) Sample Tg (◦C) DSC Tg (◦C) (tanδ Peak)
EP 134 132 EP 134 132
EP_2 BCP 135 132 EP_3 TiO2 136 138
EP_4 BCP 134 N/A EP_5 TiO2 136 N/A
EP_6 BCP 136 132 EP_7 TiO2 137 N/A
EP_8 BCP 135 N/A EP_3 TiO2_4 BCP 135 138
EP_10 BCP 134 N/A EP_3 TiO2_6 BCP 136 134
EP_12 BCP 133 132 EP_3 TiO2_8 BCP 135 136
The M52N block copolymer have the PMMA and PbuA blocks, and they self-assemble into
different morphologies in the epoxies depending on the concentration of BCP. Hence, the Tg of
the nanostructured epoxies may be affected by the fraction content of the sub-chains of the block
copolymers and their compatibility. The M52N BCP has a higher fraction content of the PMMA
block [44], as M52N was triblock MAM with two blocks of PMMA. As expected, with the addition
of the BCP particles, the elastic component of the modulus (storage module) decreased. The storage
modulus of EP_12 BCP at 200 ◦C was 47% lower than reference EP system (E’ = 27.27 MPa) with a
value of 14.50 MPa. No macro phase separation of the epoxy miscible PMMA block was found in
the results of the DMA till 12 wt % of BCP, as shown in Figure 3a. Small shoulders were observed
next to the main α-relaxation of the epoxies on the tanδ curves of the EP_12BCP modified epoxies,
and a similar shoulder was not observed on the tanδ curve of the unmodified epoxy. These shoulders
represent the micro-phase separation of the PMMA block that occurred in the M52N modified epoxy
during the polymerization process, because the α-relaxation of PMMA has been reported to be in the
same temperature range (about 100 ◦C) as the small shoulders [19,20,26]. The main relaxation around
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132 ◦C was associated with the glass transition temperature of the epoxy-rich phase, where larger
segments of the polymer become mobile. The β-transition peak (Tβ) was observed at ca. −69 ◦C.
The shift of this relaxation to a lower temperature compared to the one of the neat EP_H1 network
(ca. −45 ◦C) indicates a plasticization effect induced by the incorporation of PbuA blocks in the epoxy
network. The same phenomena has already been observed for miscible diglycidyl ether of bisphenol A
and 4,4′-methylenebis-[3-chloro2, 6diethylaniline]/homo PMMA blends [20].
The DMA results show a shift of the peak in mechanical damping (tanδ) towards higher
temperatures, e.g., from 132 ◦C (epoxy) to ~138 ◦C in the case of EP_3 TiO2, Figure 4a. The storage
modulus curve observes major changes in the temperature range (−120 to −50 ◦C) due to the addition
of TiO2. In the temperature zone (75 to 150 ◦C) the TiO2 modified curve shifts towards a higher
temperature indicating a higher Tg as compared to the reference system (see Figure 4b). It indicates
that the storage modulus increases almost in the same proportion, along this temperature range
irrespective of the shift in the β-transition to higher temperature in case of particle filled resins.
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For hybrid systems, the storage modulus curve shows that for EP_3TiO2_4BCP system, the storage
modulus value was higher in the glassy region and glass transition zone as compared to EP_H1 system,
and as the amount of BCP was increased, the value of storage modulus decreased (see Figure 4d).
The nanoparticles induce a higher stiffness on the epoxy resin, and on the other hand, they induce
new mechanisms of energy dissipation, as filler/filler and filler/matrix friction, which were suggested
as main reasons for mechanical damping in composites systems [45]. In the elastic zone (50 to
140 ◦C), damping of the neat epoxy was higher than the damping of nanocomposites. In this stage,
the macromolecules start to move. The particles hinder the movement of the polymer chains resulting
in lower energy dissipation. Moreover, it is vice versa in the rubbery state (140 to 200 ◦C) due to the
reinforcement effect of nanoparticles on the matrix.
3.2. Rheology
Viscosity plays an important role while manufacturing the epoxy nanocomposites and especially
when using the filament-winding technique. If it was lower or higher than the permissible values, the
resin may flow excessively, leaving some fibers incompletely wetted or it may generate high resistance
to the resin flow. In general, when a second phase was introduced to the epoxy resin, there will be an
increase in the viscosity. As expected, from the graph shown, it was evident that there was a gradual
increase in the viscosity with the increase of BCP, rigid nanoparticles and hybrids content. This was
because the particles present in the system tend to offer a resistance to the resin flow, owing to increase
in the viscosity. The viscosity of pure epoxy was 0.0647 Pa·s at 60 ◦C and the addition of 8 wt %
of M52N block copolymers raised the viscosity to 2.488 Pa·s at the same temperature of 60 ◦C (see
Figure 5a). Whereas in the hybrid composites, addition of rigid filler material TiO2 (3 wt %) to EP_8
BCP further increased the viscosity to 3.569 Pa·s at 60 ◦C (see Figure 5b).
J. Compos. Sci. 2018, 2, x 8 of 16 
 
For hybrid systems, the storage modulus curve shows that for EP_3TiO2_4BCP system, the 
storage modulus value was high r in the glassy region and glass transition zone as compared to 
EP_H1 ystem, and as the amount of BCP w s increased, the value of st rage modulus decreased 
(see Figure 4d). The nanoparticles induce a higher stiffness on the epoxy resin, and on the other 
hand, they induce ew mechanisms of nergy dissipation, as filler/filler and filler/ma rix friction, 
which were suggest d as main reasons for mechanical damping in composites systems [45]. In he 
elastic zone (50 to 140 °C), damping of the neat poxy was higher an the damping of 
nanocomposites. In this stage, the macromolecules start to move. The p rticles hinder the movement 
of the polymer chains resulting in lower energy dissipation. Moreover, i  is vice versa in the rubbery 
state (140 to 200 °C) due to the reinforcement effect of nanoparticl s on the matrix. 
3.2. Rheology 
Viscosity plays an important role while manufacturing the epoxy nanocomposites and 
especially when using the filament-winding technique. If it was lower or higher than the permissible 
values, the resin may flo  excessively, leaving some fib rs incompletely w tt d or it may generat  
high resistance to the resin flow. In gen ral, when a second phas  was introduced to t e epoxy resin, 
there will be an i cr ase in the viscosity. As expected, fr m the graph shown, it was evident that 
ther  was a gradual increase in the viscosity wit  t e i crease of BCP, rigid nanop rticles and 
hybrids content. This was because th  particles present in the system tend to offer a resistance to the 
r sin flow, owing to increase in the viscosity. The viscosity of pure epoxy was 0.0647 Pa·s at 60 °C 
and the addition of 8 wt % of M52N block copolymers raised the viscosity to 2.488 Pa·s at the same 
temperature of 60 °C (s e Figure 5a). Whereas in the hybrid composites, addition of rigid fill r 
material TiO2 (3 wt %) to EP_8 BCP further increased the viscosity to 3.569 Pa·s at 60 °C (see Figure 
5b). 
  
Figure 5. Graph showing variation in viscosity with respect to temperature for (a) EP_BCP systems, 
and (b) EP_TiO2_BCP hybrid systems. 
3.3. Tensile Properties 
The tensile properties of the BCP modified EP_H1 systems are shown in Table 3. A modulus of 
2950 MPa and a tensile strength of 84 MPa were measured for the EP_H1 system. The addition of 
BCP reduces the modulus and tensile strength of the epoxies, which was expected because the M52N 
type BCP was softer than the epoxy and it contains the softer phase content in the medium range 
[44]. For the EP_12BCP system, the tensile strength and tensile modulus were measured as 71 and 
2690 MPa respectively. The addition of the BCP particles reduced the modulus nearly linearly with 
increasing content. Similarly, the EP_H1 system was modified with TiO2 (3, 5 and 7 wt %) and it can 
be observed that, for system EP_3TiO2, the value of tensile strength was reported as 90 MPa and for 5 
and 7 wt % 91 MPa respectively with an increase in elastic modulus as well. This suggests that even 
at very low vol % (see Table 1) TiO2 nanoparticles dispersed well with the epoxy matrix and this 
increase in strength and modulus is attributed to good adhesion between TiO2 nanoparticles and 
Figure 5. Graph showing variation in viscosity with respect to temperature for (a) EP_BCP systems,
and (b) EP_TiO2_BCP hybrid syste s.
. . e sile ro erties
t sil r rti s f the BCP modified EP_H1 systems are shown in Table 3. A mod lus
of 2950 MPa and a tensile strength of 84 MPa w re measured for the EP_H1 system. The addition
of BCP reduces the modulus and tensil strength of the epoxies, which was expected because the
M52N type BCP was softer than the epoxy and it contains the softer phas co tent in the edium
range [44]. For the EP_12BCP system, the tensile strength a d tensile modulus were measured as 71
and 2690 MPa resp ctively. The addition of the BCP particles r uc d the modulus nearly linearly
with increasi g content. Similarly, the EP_H1 system was modified with TiO2 (3, 5 and 7 wt %) and
it can be observed that, for system EP_3TiO2, the value of tensile strength was reported s 90 MPa
for 5 and 7 wt % 91 MPa respectively with an increase in elastic modulus as well. This suggests
that ven at very low vol % (see Table 1) TiO2 nanoparticles dispersed well with the epoxy matrix and
this increase in strength and modulus is attributed to g od adhesion betw en i 2 rti l s
J. Compos. Sci. 2018, 2, 72 9 of 17
epoxy matrix with few traces of agglomeration. Based on the tensile results and keeping in mind the
low viscosity, the EP_3TiO2 system was selected for hybrid systems.
Table 3. Tensile and fracture mechanics properties of EP_BCP systems measured at 23 ◦C.
Systems Et (MPa) σm (MPa) εm (%) KIc (MPa·m1/2) GIc (kJ/m2)
EP 2950 (±75.8) 84.0 (±0.7) 6.3 (±0.4) 0.57 (±0.04) 0.096 (±0.03)
EP_2 BCP 2920 (±35.2) 83.4 (±0.8) 6.7 (±0.4) 1.37 (±0.09) 0.56 (±0.08)
EP_4 BCP 2870 (±39.4) 82.5 (±4.9) 5.9 (±1.4) 1.68 (±0.13) 0.87 (±0.13)
EP_6 BCP 2860 (±22.7) 81.7 (±1.7) 5.6 (±0.7) 1.85 (±0.08) 1.05 (±0.10)
EP_8 BCP 2810 (±36.1) 78.1(±4.3) 5.0 (±0.5) 1.93 (±0.08) 1.16 (±0.10)
EP_10 BCP 2740 (±43.2) 75.6 (±1.7) 4.8 (±0.1) 2.05 (±0.28) 1.36 (±0.34)
EP_12 BCP 2690 (±17.6) 71.2 (±1.0) 4.5 (±0.2) 2.18(±0.30) 1.58 (±0.45)
For hybrids, the three different systems were prepared with a concentration of TiO2 fixed at 3 wt %
and BCP varied (4, 6, and 8 wt %). For the hybrid EP_H1_6 BCP_3 TiO2, the tensile strength was
decreased by ca. 2% while fracture toughness and fracture energy increased by 163% and ~600%,
and elongation at maximum strength remained the same as compared to the reference EP_H1 system.
It was clearly observed that all the hybrid formulations provided a fine balance between the tensile
properties and fracture mechanics properties without disturbing the thermal properties.
3.4. Fracture-Mechanics Properties
The fracture toughness, KIc, and fracture energy, GIc, of the unmodified epoxy and epoxies
modified with BCP were measured in mode I using compact tension (CT) tests. The results are
summarized in Table 3. The mean values for KIc and GIc of the unmodified epoxy were determined
to be 0.57 MPa·m1/2 and 0.096 kJ/m2, respectively. For the BCP modified epoxies, a steady increase
of KIc and GIc was observed with BCP content. The maximum values of KIc = 2.18 MPa·m1/2 and the
GIc = 1.58 kJ/m2 were measured for the EP_12BCP system revealing an increase by a factor of 3.82
and 16.5 above the unmodified epoxy. These values are in line with the fracture toughness reported
by other researchers [19,22,25]. A KIc of 0.89 MPa·m1/2 was reported for the EP_3 TiO2 system, while
the nanocomposite with 7 wt % TiO2 shoed a KIc of 1.10 MPa·m1/2, representing an almost two-fold
higher toughness than for unmodified epoxy (see Table 4). The hybrid nanocomposite EP_3TiO2_4BCP
has a fracture toughness KIc of 1.27 MPa·m1/2, which is around 123% higher than the one of EP_H1.
With a value of 1.72 MPa·m1/2, the toughness of the EP_3TiO2_8BCP material was almost three times
higher than for the EP_H1 system.
Table 4. Tensile and fracture mechanics properties of the EP_TiO2 and EP _TiO2_BCP systems measured
at 23 ◦C.
Systems Et (MPa) σm (MPa) εm (%) KIc (MPa·m1/2) GIc (kJ/m2)
EP 2950 (±75.8) 84.0 (±0.70) 6.3 (±0.40) 0.57 (±0.04) 0.096 (±0.03)
EP_3 TiO2 3060 (±13.8) 89.9 (± 0.63) 6.3 (±0.54) 0.89 (±0.06) 0.23 (±0.12)
EP_5 TiO2 3160 (±26.2) 91.3 (± 0.37) 6.5 (±0.19) 0.99 (±0.08) 0.24 (±0.16)
EP_7 TiO2 3210 (±17.6) 91.3 (±0.28) 6.5 (±0.12) 1.10 (±0.05) 0.33 (±0.03)
EP_3TiO2_4 BCP 3020 (±28.8) 84.6 (±0.87) 6.2 (±0.75) 1.27 (±0.07) 0.47 (±0.05)
EP_3TiO2_6 BCP 2970 (±16.7) 82.5 (±0.23) 6.3 (±0.53) 1.50 (±0.04) 0.67 (±0.04)
EP_3TiO2_8 BCP 2880 (±14.7) 80.4 (±0.37) 6.4 (±0.04) 1.72 (±0.17) 0.90 (±0.17)
3.5. Fractography Studies
The toughening mechanisms responsible for the increase in fracture toughness due to matrix
modification can be explained by analyzing the fracture surfaces of the unmodified and modified
epoxy composites using a field emission scanning electron microscope (FE-SEM). The fracture surfaces
for the unmodified epoxies, as shown in Figure 6a, for the amine-cured epoxy, show a smooth fracture
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surface typical for brittle epoxy. This indicates a lack of plastic deformation during the fracture process.
Only small-scale river lines were observed at the crack tip, which were caused by the presence of some
local mixed-mode I/III stresses [46].
3.5.1. BCP Modified Epoxies
The fracture surfaces of the epoxies keep their brittle occurrence, but they appeared much rougher
after the adding of the M52N type BCP, as shown in Figure 6b,c. The surface roughness of fractured
samples was measured with a white light profilometer, and it shows an increasing trend in surface
roughness with rising BCP content (see Table 5). Due to the formation of BCP nanostructures in
epoxy via the self-assembling mechanism, the exact morphology of nanostructure domains could
not be identified here through SEM images, a fact that was also reported by other researchers [10,16].
The atomic force microscope images of EP_6BCP (see Figure 7a,b) reveal nano-sized spherical and
worm-like micelles, while for the EP_H1 system such features were not obtained. A cryofracture was
additionally performed for a representative BCP modified system (Figure 6d) and it showed that with
rising BCP concentration the number of cavities, i.e., plastically deformed BCP nanostructures on the
fracture surface, increase.
Table 5. Surface roughness values of compact tension (CT) fractured samples for different EP_BCP
systems measured from white light profilometry.








Furthermore, small scale matrix tearing was observed on the fracture surfaces of the BCP modified
epoxies with all morphologies (see Figure 6c, arrows). These features indicate an enhanced plastic
deformation of the epoxies. The obtained morphologies were in a good agreement with the work of
Chen et al. [19]. Considering the FE-SEM images of the fracture surfaces in Figure 6c, the toughening
mechanisms involved in the BCP modified amine cured epoxy composites can be proposed. The BCP
nanostructures are believed to induce shear yielding in the matrix due to a local change in stress state
from plane strain to plane stress. This may result in the formation of voids, cavities and deboning
effects in the process zone at the crack tip vicinity [47]. Some authors also suggested the toughening
mechanism of pullout and bridging for nanoscale micelles [19,48].
However, since a large difference between the dimensions of nanoscale micelles (~25–50 nm) and
crack tip opening displacement (CTOD), as measured for EP_12BCP to be 9.98 µm via Equation (4),
the pullout and bridging mechanisms hardly provide any significant toughening. In Equation (4),
E represents the young’s modulus; σy the tensile yield strength, KIc the fracture toughness, GIc the











Based on the fractography evidence the following mechanisms are proposed for EP_BCP systems:
(a) Cavitation of micelles (spherical and worm-like), and (b) enhanced plastic deformation/tearing
due to localized plasticization effect of the epoxy/PMMA mixing region. The micelles formed within
the epoxy network were in the nanometer range, and thus they create a very large contact area
between micelles and the epoxy matrix. During crack propagation this large interface area absorbs a
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large amount of energy before material failure. With rising BCP concentration the interface area also
increases leading to even more fracture energy absorption and the formation of a high fracture surface
roughness. This toughening mechanism is supported by the observation of enhanced matrix tearing
and enlarged plastic zone size.
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3.5.2. TiO2 Modified Epoxy Systems and Hybrid Composites
Visual analysis of the fracture surface of TiO2 modified epoxy resin with the help of SEM can
give an insight into the cause and location of failure, as well as the dispersion state of the particles
within the epoxy matrix. The fracture surface of the neat epoxy resin was brittle with a smooth
surface (see Figure 6a). Figure 8a shows a close up of the crack surface in a nanocomposite containing
3 wt % of TiO2 nanoparticles, some nano and micro reinforcing mechanisms can be observed with
more detail. Some of these mechanisms include particle pullout (debonding), crack deflection due
to the nanometer scale agglomerates, and particle crack pinning [28,34,49] as indicated by the small
tails behind the particles. Such ridges are caused by the reconcile of the crack front after passing the
“particle obstacles.” The ridge results from the crack front moving around each side of the particle, and
the crack fronts reunify in differing crack propagation planes. Morphology indicates that improvement
in fracture properties in composites can be attributed to the presence of rigid TiO2 nanoparticles
in the epoxy matrix, which led to increased surface roughness and hence more energy dissipation
during the propagation of a crack. However, when the concentration of rigid nanofillers exceeds
the critical value the particles’ agglomeration was sufficient to impart stress concentration which
led to failure as in the case of micro fillers. Debonding of nanoparticles was not expected to be a
major toughening mechanism due to the better adhesion in the particle-matrix in these composites at
lower concentrations.
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that the obtained fractured surfac i i 2 rticles ith the stre s hitened zone
showing plastic defor ti s i t fr t r s i s it s erical cavities, which were not
observed in EP_BCP systems until cryo-fracture was performed. These spherical cavities were formed
by BCP present in the epoxy system, and it is believed that the presence of TiO2 particles may cause
a hindrance of the nanostructure formation during the curing process. Such effect may be a reason
behind the lower fracture toughness of hybrid systems when compared to fracture toughness values
of EP_BCP systems.
It can be concluded that the addition of the titanium dioxide nanoparticles had a minor
contribution to toughness increase. The toughening mechanisms in hybrid-modified epoxies
were dominated by BCP and they were nano-cavitation of micelles (present in form of either
spherical or worm-like shape) and the enhanced plastic deformation of the epoxy matrix due to
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the localized plasticization of the epoxy/PMMA interface, with minor contribution from crack pinning,
and debonding of TiO2 nanoparticles.
3.5.3. Plastic Zone Size
The plain strain dimension of the plastic zone size can be quantified by Irwin’s model, assuming
that the zone is circular in shape and cracks occur in the matrix region, by using Equation (5) [49] where
KIc is the fracture toughness and σyt is the tensile true yield stress of the bulk polymer. A plastic zone
radius of 2.44 µm was calculated for the EP_H1 system. The maximum plastic zone size of 49.20 µm
was calculated for EP_12 BCP, and for all other modified systems the plastic zone size falls between









The plastic zone was considerably larger than the radius of BCP and TiO2 nanoparticles. Therefore,
these particles lie within the plastic zone and favor matrix toughening by events such as cavitation,
plastic void growth (for BCP), crack pinning and crack deflection for rigid nano-fillers and compelling
the material to dissipate more energy before failure.
It can be observed from the normalized graph (Figure 10) that, for hybrid systems, initially
the properties were dominated by TiO2 nanoparticles but as the concentration of BCP increased the
properties were governed by the BCP. Interestingly, for hybrid systems, the properties lie between
those of BCP and TiO2 thus providing a complete map for all the modified systems.
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nanostructure with no traces of macro-phase separation. The elastic modulus and ultimate tensile
strength decreased linearly with increasing BCP content due to the relative softness of PMMA and
PBuA in M52N type BCP compared to the epoxy. The BCPs have no or only a minor effect on the glass
transition temperature of EP_BCP nanocomposites. In the case of EP_TiO2 nanocomposites, the TiO2
nanoparticles could be well dispersed in the epoxy with very few agglomerates at low concentrations,
and as the concentration was increased the tendency of agglomeration also rose. The elastic modulus
and ultimate tensile strength were improved with the addition of TiO2 nanoparticles. Good adhesion
between the epoxy matrix and TiO2 nanoparticles was observed. The glass transition temperature
slightly increased with the addition of rigid TiO2 nano-fillers.
A significant increase in fracture toughness KIc and fracture energy GIc was reached by the
addition of BCP, and maximum values of KIc = 2.18 MPa·m1/2 and GIc = 1.58 kJ/m2 were observed
for the EP_12 BCP sample, representing a toughness increase by a factor of 3.8 and 16.5 respectively,
as compared to the neat EP_H1 reference epoxy. For EP_TiO2 systems, the maximum values were
KIc = 1.10 MPa·m1/2, and GIc = 0.33 kJ/m2 in case of the EP_7 TiO2 sample. For the hybrid systems,
the maximum values of KIc = 1.72 MPa·m1/2 and GIc = 0.90 kJ/m2 were measured for the EP_8
BCP_3 TiO2 with a minor reduction (~4%) in the value of tensile strength as compared to EP_H1
system. Toughening mechanisms for BCP modified EP systems were detected as cavitation of spherical
micelles and enhanced plastic deformation of the epoxy matrix due to the plasticization effect of
epoxy/PMMA mixing region. For TiO2 modified epoxy, the main toughening mechanisms were
shear yielding, crack pinning and particle pullout (debonding). For hybrid systems, the main
toughening mechanisms were dominated by EP_BCP systems, especially at higher BCP (6 and 8
wt %) concentrations. Comparing the overall properties, the hybrids provide better performance
in terms of tensile, fracture mechanics and thermo-mechanical properties as compared to those of
EP_BCP and EP_TiO2 systems alone.
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